TiB 2p behavior was systematically studied in laser welding of A356/TiB 2p metal matrix composites (MMCs). TiB 2 particles encountered three different types of evolution under the direct irradiation of laser, including oxidization, escaping out of the bead and immigration in the welding pool. TiB 2 particles remained solid state in the welding pool. The clusters of solid TiB 2 particles were pushed into smaller clusters size and dispersive TiB 2 particles by the outflow of Al plasma. After solidification, the distribution of TiB 2 in the bead got more homogeneous than pre-welding. TiB 2 and Al matrix bonded in strong semi-coherent relationship.
Introduction
In situ TiB 2 particulate reinforced aluminum metal matrix composites (MMCs) have attracted more and more attentions for its high damping capacity, high wear resistance and high strength at lower and higher temperature.
13) This composite was recognized as one of the promising materials because of its fine reinforcement, good distribution character and clean particulate/matrix interface, especially high wear resistance and strength in comparison with other composites such as reinforced by SiC. 4) The problem on the weldability of TiB 2 reinforced A356 matrix has been analyzed and solved using laser beam technology, 5) but there were also some problems unclear. For instance, when welded with laser, aluminum matrix composite will melt after absorbing laser beam energy. Absorption capability of material to laser beam (¡) depends on resistivity of the material (μ) and wave length of laser (), as indicated: ¡ ¼ ffiffiffi μ p , whereas resistivity of TiB 2 as nonmetal reinforcement is larger than that of aluminum alloy. 6) So the ¡ value of TiB 2 is larger than that of aluminum matrix. When laser shines on the composite, the temperature of TiB 2 will go up quickly at first then transfer the heat flux to surrounded aluminum matrix. During this process, TiB 2 may encounter some variations because it directly absorbs the laser energy and gets to the temperature of ten thousand degrees or so. So in order to ascertain above questions, the further research is required to carry out. This paper researched the TiB 2 evolution during the laser welding process and the subsequent bonding interface between TiB 2 and Al matrix after solidification.
Experimental Material and Method
The A356 (Al7Si0.4Mg0.4Zr) reinforced by 13 mass%TiB 2 composites were employed in the present study, which were fabricated with an exothermic reaction process via K 2 TiF 6 and KBF 4 salts by the Institute of Ecology and Environmental Materials of Shanghai Jiao Tong University. 15 kW CO 2 laser welding system (TRUMPF TLF 15000T) was used to weld the A356/TiB 2p composite. Due to the reflection of Al on laser, larger power density was necessary on the surface in order to form the keyhole welding for deeper penetration. So the laser beam was focused on the top surface of workpiece, and the diameter of laser beam spot was 0.8 mm. Bead-on-plate welds were performed on the plate of 6 mm thickness. Before welding the plates were machined to get rid of oxidation film, and cleaned with acetone. Pure helium as shielding gas with a flow rate of 28 L/min was ejected by a forward nozzle inclining to the beam axis 45°. In order to observe the oxidization of TiB 2 , the comparative experiments of A356 alloy and A356/TiB 2 composite were performed using electron beam welding with the power of 3 kW and the speed of 24 mm/s. The vacuum level in the welding chamber was up to 5 Pa.
In order to recognize the phase formation of keyhole region in the weld seam, the sample for X-ray diffraction (XRD) was sectioned along the middle bead in welding direction. The variation of TiB 2 in distribution and morphology was characterized by scanning electron microscope (SEM) equipped by energy dispersive X-ray spectroscopy (EDS). High-resolution transmission electron microscope (HTEM) was employed to observe the interface between TiB 2 and Al matrix.
Results and Discussion

TiB 2 evolution
XRD results including the bead and base metal respectively were shown in Fig. 1 . It was seen that the peaks of the bead were almost the same with the base metal, especially for the TiB 2 peak. This indicated that most TiB 2 particles within keyhole area were not varied after laser welding. But it was known that if the content of analyzed phase was low, XRD was difficult to detect it. In order to further examine whether © 2012 The Japan Institute of Metals that TiB 2 was changed into TiO 2 when they were locating in the circumstance of air at elevated temperature (1273 K). The laser welding was also conducted in the air although the shielding gas was chosen in order to prevent the air into the welding pool. However, it was impossible to protect the pool totally well due to the presence of laser plume. So according to Zhenlin Yang 7) suggestion, the following reaction occurred: would drop onto the surface of bead due to condensation. So the vacuum welding was required in order to collect the oxidized product if the oxidized reaction really occurred. Electron beam welding was employed which possessed similar welding mechanism with laser welding and conducted under low vacuum level. Comparative experiments were prepared for the electron beam welding A356 and A356/TiB 2 composite respectively. The appearance of bead was shown in Fig. 3 . It was found that the surface of A356/TiB 2 bead got black obviously and A356 bead presented bright. The oxidization in electron beam welding was inevitable because it was conducted under vacuum level of 5 Pa. This experiment proved that the transformation of TiB 2 particles took place. For the black oxide it was required to further confirm whether it was B 2 O 3 through electron probe micro-analyzer. According to above analysis, TiB 2 particles could be oxidized when they were in the circumstance of elevated temperature (1273 K) with oxygen present. Hence, it was inferred that oxidized TiB 2 particles were from the region of keyhole where TiB 2 particles met the oxidized condition. According to EDS and XRD results, few TiB 2 particles in the bead center were oxidized. It is know that the diameter of keyhole is nearly equal to the diameter of focused laser spot (0.8 mm), whereas the width of bead is about 5 mm. So if all the TiB 2 particles originally locating in the keyhole region are oxidized, the amount of TiO 2 is about 16% which can be found by XRD.
In fact the amount of TiO 2 is quite slight. In order to further explore the reason why other TiB 2 did not transform under the direct laser irradiation, detailed welding process was observed by the high speed camera. It was found that much welding spatter occurred as shown in Fig. 4 . While in laser welding of A356 alloy, little spatter was present. The reason of spatter in laser welding was ascribed to the mixture of solid and gaseous state. At the beginning of interaction between laser and composite, the absorption energy of TiB 2 to laser was not much larger than the Al matrix due to the lower interaction time (1/v = 0.02 s/mm) although TiB 2 had the higher absorption rate to laser than Al matrix. So TiB 2 remained solid state when Al alloy began to boil due to its higher melting temperature (3500 K) which was higher than the boiling temperature of Al alloys (2700 K). The solid TiB 2 particles inhibited the overflow of aluminum plume and then were blown out of the welding pool that led to the occurrence of spatter.
With the increase of interaction time between laser and composite, partial TiB 2 particles were blown out of the bead, but other TiB 2 particles that did not inhibit the outflow of Al plasma from the pool were pushed into the liquid region of welding pool. In this interaction process, larger TiB 2 clusters were separated by the Al plasma, then pushed into the liquid region of pool and subsequently distributed sparsely in the liquid pool. The variation of TiB 2 clusters from larger size (Fig. 5(a) ) of pre-welding to smaller size (Fig. 5(b) ) after welding could prove the push of plasma on TiB 2 clusters. Hence the distribution of TiB 2 after welding was much more homogeneous than pre-welding.
TiB 2 particles in the liquid pool fully touched with Al liquid. Whether the reactions between TiB 2 and Al matrix occurred was required to study. Liang et al. 9) have evaluated the forming Gibbs energy about each compound composed of Al, Ti and B elements in the melt as was listed in Table 1 . It was found that forming Gibbs energy of TiB 2 was lower than that of any other product, especially much lower at the boiling point (2700 K) of Al, so the reaction in the welding pool was difficult to take place. TiB 2 particle was stablest in all the constituting compounds of Al, Ti and B as was reported by Yue et al.
10) Figure 5 shows the TiB 2 distribution in the bead center and base metal respectively. It was shown that TiB 2 particles distributed more homogeneously than prewelding due to the push from vaporized aluminum plasma. The cluster size of TiB 2 got smaller than pre-welding.
Finally, the above research indicated that TiB 2 particles did not melt after absorb laser energy directly but remained solid state in welding pool except the oxidized particles. The reasons for TiB 2 without melting in laser welding process were summarized as follows. First, TiB 2 possessed higher melting temperature that was higher than the boiling temperature of A356 matrix. A356 matrix would vaporize then decrease the fluid temperature because of latent heat. 
Reaction
Expressions of ¦G (J/mol)
Second, the size of in situ TiB 2 particles was within the 200 nm. The smaller size made TiB 2 easily transfer the heat flux to A356 matrix and decreased its temperature quickly. Third, A356 alloy with high thermal conductivity and could quickly transfer the heat flux from welding pool to workpiece around. Fourth, under the high welding speed, the interaction time between laser and TiB 2 was short. Figure 6 shows the HTEM bright field image of TiB 2 particles. The sample for HTEM was taken from the center of bead. TiB 2 particles presented hexagonal and rectangular morphology. The hexagonal morphology was because the {0001} face was parallel to the electron beam. Similarly, the particles with rectangular morphology were the results of f " 1100g or f10 " 10g faces parallel to the electron beam. The interface was very clean and no impurities were detected. The semi-coherent relationship was determined according to combined character of lattice structure. Moreover, there was distortion of lattice around the TiB 2 particles which was marked in Fig. 6(b) . This supplied the evidence that the difference of thermal expansion coefficient between the TiB 2 (8.1 © 10 ¹6 /k) and Al matrix (2.4 © 10 ¹5 /k) produces the stress concentration during the solidification.
TiB 2 bonding interface with Al matrix
It is very interesting that TiB 2 is still semi-coherent with Al after laser welding. Z. Y. Chen 11) has reported that semicoherent relation between TiB 2 with Al was present in as-cast specimens, but for the welding joint, semi-coherent relation was also gained under the fast solidification rate. The good interface enables the joint to bear more loads and improves the strength of joint. 
Conclusions
